Abstract: A novel thresholder based on cross-gain modulation (XGM) effect in a distributed-feedback (DFB) semiconductor laser combined with offset optical filtering is proposed and demonstrated. To the best of our knowledge, this is the first XGM effectbased thresholder that is operated by optical injection of a DFB laser. In this scheme, a DFB laser without an isolator is the key component, which costs less than the nonlinear devices required in other schemes. The spectrum output from the DFB laser can be broadened after the pulses injected to the laser cavity, which is induced by the XGM effect. Only the correct codes that have enough peak power will be able to broaden the spectrum of the DFB laser, while the low-power noise cannot. By offset filtering the broadened parts of the optical spectrum, the correct optical pulse is acquired, while the undesired noise is diminished. In this scheme, an injection power of 7 dBm is enough to generate the XGM effect, which is much lower than most of the existing schemes. In addition, as the DFB laser is used as the pump laser as well as the nonlinear medium, this scheme is more compact and low cost compared with the schemes proposed before.
Introduction
All-optical signal processing is an important enabling technology in optical communication systems. With the development of ultra-fast communication systems, modern optical communication systems work beyond the speed limit of today's electronics, demanding simple, low-cost, and effective all-optical elements for data processing. For example, an all-optical thresholder, among other required devices, is an essential part of systems based on code division multiple access (CDMA) and time division multiple access (TDMA) in the optical domain. It is the simplest kind of binary decision maker, outputting "one" if a signal is above a certain threshold value and "zero" if below [1] . Various fiber-based thresholding techniques have been proposed using nonlinear effects in dispersion-shifted fiber [2] , super-continuum (SC) generation in dispersion flattened fiber (DFF) [3] , holey fiber [4] , high nonlinear fiber (HNLF) [5] , and the nonlinear optical loop mirror (NOLM) [6] - [8] . Fiber-based techniques have the advantage of polarization-independent performance. However, high optical power is usually needed and those systems are usually expensive and bulky. Recently, a novel second harmonic generation (SHG)-based optical thresholder has been reported that can operate at low optical power [9] , the thresholder is based on the SHG generation in a periodically poled lithium niobate (PPLN). However, since the generated signal is at the second-harmonic wavelength of about 750 nm, it is not suitable for further optical processing and detection. To solve this problem, a new optical thresholding scheme by using the cascaded SHG and difference frequency generation (DFG) in a PPLN was proposed in [10] . In the system, an extra pump laser and two erbium-doped fiber amplifiers (EDFA) are needed to boost the optical powers to 25 mW, which makes the system more expensive and bulky. Compared with the fiber-based schemes, PPLN is more compact and can operate with relatively low optical power, but its high cost makes it hard to apply in real-life systems.
The analysis of cross gain modulation (XGM) effect in the cavity of a distributed-feedback (DFB) semiconductor laser has been detailed in [10] . In the laser cavity, the lasing-mode intensity of the medium can be modulated by an injected optical signal through gain suppression. Then, the optical spectrum of slave laser (SL) can be broadened due to the modulation and the pulses with the same sequence can also be obtained. The XGM response is usually utilized to realize wavelength conversion [11] , [12] . Recently, we find that the cavity mode of the DFB laser can be seriously broadened after laser is optically injected by optical pulses with enough power, which is due to the XGM effect in the laser cavity. The required injection power to generate the XGM effect is quite low. Therefore, the XGM effect in the DFB laser cavity is possible to be utilized to realize all-optical thresholding, and thus to eliminate the undesired low-power crosscorrelation noise in the optical communication system. Compared with the existing schemes, the XGM effect in the laser cavity has an enormous advantage of cost-effective and low-power.
In this paper, we propose and experimentally demonstrate a novel low-power and costeffective thresholder based on cross gain modulation (XGM) effect in the cavity of a distributedfeedback (DFB) laser combined with offset optical filtering. To the best of our knowledge, this is the first XGM effect-based scheme that has ever been proposed to realize thresholding, which is operated by optical injection of a DFB laser. In this scheme, the main principle of the proposed thresholder is XGM that induces optical spectral broadening. Therefore, a DFB laser without an isolator is the key component in the system. The correct optical pulses, which have properly high peak power, will be able to broaden the cavity mode of the SL, while the low-power multiple access interference (MAI) noise can not. Since only the broadened spectrum can pass through the following optical bandpass filter (OBPF) whose centre wavelength is located at the broadened wavelength, the low-power MAI noise will be rejected. Our experiments show that an optical pulse sequence with a power of 7 dBm (3.98 mW) is enough to realize the thresholding, which is much lower than the optical power required in previous schemes reported in the literature. As the required output power of the SL is set less than 5.5 dBm (3.54 mW), an ordinary DFB laser can be used as the SL, which costs much less than the nonlinear optical devices used in other thresholding schemes. In addition, the SL is used as the nonlinear medium, as well as the pump laser, and no extra nonlinear medium and pump laser is needed. Therefore, this system is more low-cost and compact compared with most of the schemes proposed before.
Experimental Setup
The schematic diagram of the experimental setup is shown in Fig. 1 . The power of the DFB laser is tuned to be about 4 dBm, and a clock signal provided by the pulse pattern generator (PPG Anritsu MP1763C) is amplified to 25 dBm by a microwave power amplifier (PA) and directly modulating the DFB laser. Then, optical pulses with the repetition rate of the clock frequency can be obtained at the output of gain-switched laser (GSL). Then, the optical pulses are intensity modulated in a Mach-Zehnder modulator (MZM) which is driven by the data sequence provided by the same PPG. Then, the optical pulse sequence with low power noise added, which is used to demonstrate the low power noise elimination by the XGM based thresholder, can be generated by precisely tuning the bias voltage of the MZM. The optical pulse sequence is amplified to 19 dBm by an EDFA, and its optical power is then controlled by a following variable optical attenuator (VOA). In order to tune the polarization dependent attenuation in the cavity of the SL, a polarization controller (PC) is inserted after the VOA. 10% of the optical power is taped by a 1:9 optical power divider and a power meter (PM) is used to monitor the injection power of the optical pulse sequence. Then, the rest 90% part optical power is transmit to the thresholder. As shown in Fig. 1 , the thresholder is composed of an OC, a slave laser (SL) and an OBPF. In the thresholder, a DFB laser with a cavity length of 450 m is used as the SL. At the output of the SL, the spectral variation with the injection power tuning is firstly measured by an optical spectrum analyzer (OSA Anritsu MS9710C). Then, at the output of the OBPF, the signal with the thresholder is measured by a PM, an OSA and an oscilloscope (OCS Lecroy NRQ9000), respectively. Finally, in order to further quantify the benefits of the XGM-based thresholder, a bit error rate tester (BERT Anritsu MP1763C) is employed to measure the bit error rate (BER) of the received signals with and without the thresholding.
Results and Discussion
As this scheme is based on the XGM effect in the DFB laser cavity, we first characterize the XGM induced spectrum broadening of the SL under optical pulses injection. A 2.5 GHz clock signal is used here and the 2.5 GHz optical pulses acquired from the GSL are employed to experimentally demonstrate the thresholder. First, the optical pulses without being modulated by the data is employed and injected to the SL through the OC. The injection power is tuned by tuning the VOA and optical spectrum output from the SL is monitored by using the OSA. As it is shown in Fig. 2 , the output spectrum of the SL is increasingly more broadened with the injection power increased. Then, a low-cost wavelength division multiplexing (WDM) OBPF with a central wavelength of 1548.51 nm is used to offset filters the optical spectrum outputted by the SL. To demonstrate the performance and effect of the offset optical filtering by the OBPF, the spectrums and waveforms of their corresponding output pulses before and after the offset filtering are measured and compared, and the measurement results are shown in Fig. 3 , where the injected optical power is tuned to 8.21 dBm. Fig. 3(b) and (c) shows the output optical pulses from the SL without and with offset filtering, respectively. As can be seen from the results, the sidelobes of the output optical pulses in Fig. 3(b) are diminished in Fig. 3(c) after the offset filtering.
The thresholding ability of the proposed scheme can be characterised by the existence of the low level region of the power transfer function (PTF). That is, the power outputted from the OBPF versus the injected power of the optical pulse sequence. The PTF is measured by varying the injection power by tuning the VOA. The 10% input power divided by a 1:9 optical coupler and monitored by a PM, while the power output from the OBPF is measured by another PM. Then, the PTF of the thresholder can be measured and plotted in Fig. 4 . It can be seen from Fig. 4 that a low level region exists in the PTF curve, which is the key to reject the low-power noise. Besides, it is also shown that the optical pulses with the power less than 1.3 mW can not pass through the thresholder, and the output power of the OBPF can not reach 0 mW at low level region, this is due to the cavity mode of the SL cannot be completely eliminated by the low-cost WDM OBPF, as shown in Fig. 3(a) . From the PTF curve, we can see that the required power is much lower than most of the existing thresholding schemes. Besides, compared with the high nonlinear devices used in the other thresholding schemes, the DFB laser is the lowest cost device and easier to acquire; besides, it is more mature and compact and easier to integrate.
In order to assess the impact of the proposed thresholder, we measured the eye diagrams of the optical and detected signal without and with the XGM based thresholding. Here, a PIN with a 3 dB bandwidth of 10 GHz is employed to realize the opto-electronic conversion and the OCS employed to monitor the eye diagrams of the optical pulse sequence and the electronic signal after detection. The optical pulses output from the GSL are modulated by a 2 31 À 1 pseudorandom bit sequence (PRBS) in the MZM. In order to generate the desired optical pulse sequence with low power noise added, the MZM is biased slightly deviating from its V =2 bias point. Thus, the pulses of 0 bit can not be completely suppressed, which act as the noise in the experiment. In order to optimize the eye diagrams of the received signal, the injected power of the optical pulse sequence is tuned by the VOA, and the polarization is controlled by the PC, then, the power of the correct pulses can be retained at the maximum degree, meanwhile the low-power noise is thoroughly eliminated. Here, the injection power of the pulse sequence is tuned to 7.26 dBm, and the output power of the SL is 5.21 dBm. Besides, the power of signal received by the PIN is tuned to −15 dBm. The improved pattern recognition contrast is clearly evident by comparing eye diagrams of the optical pulse sequence and the electronic signals without and with the thresholder. As shown in Fig. 5(a) and (d) , the noise, which can be amplified by the PIN detector, can seriously degrade the eye diagram of detected signals, even if the power is low. We continue to increase the power of the noise until it can not be completely eliminated by the thresholder; it is shown from Fig. 5(b) and (e) that the degradation of the detected eye diagrams can be more serious if the noise power increased. However, as shown in Fig. 5(c) and Fig. 5(f) , with this thresholder, the low-power noise can be completely eliminated, and the eye diagram of the detected signal is also greatly improved. Here, from Fig. 5(b) , it is estimated that the maximum noise amplitude that can be eliminated is about 1/3 of the desired pulses. Limited by the bandwidth of the OCS, the measured eye diagrams may somehow not precise enough. To further quantify the benefits of the noise rejection, the perspective BER corresponding to the eye diagram shown in Fig. 5 are measured, respectively. As shown in Fig. 6 , the BER of the received signal without the thresholder usually exhibits a floor, which is due to the noise, but the BER after the thresholder can be under the floor of −9, which means that the error-free transmission can be achieved after the noise is eliminated.
From the experimental results above, we can see that this XGM based thresholder has many advantages compared with former schemes. For example, it can be operated at a low optical power; the system is compact, low-cost, and easier to integrate. As the thresholder is based on the XGM effect in a DFB laser cavity, besides the ordinary optical CDMA and TDMA systems, this thresholder can also be potentially employed in the 2-D OCDMA system, where ultra-short optical pulses with broadband spectrums are required as the light source [13] , [14] .
Conclusion
We have proposed and experimentally demonstrated a novel thresholder based on XGM effect in the cavity of a DFB laser, and this is the first XGM based scheme that have ever proposed to realize thresholding. In this novel thresholder, the SL is the key component, which is used as the nonlinear medium as well as the pump laser. As the output power of the SL is not high, an ordinary DFB laser without an isolator can be used as the SL, which makes the system low-cost and compact. Besides, compared with the high nonlinear devices used in the thresholder, DFB laser is the most low-cost device. In addition, the injection power optical pulse sequence in this experiment is 7.26 dBm (5.32 mW), which is much lower than most of the existing schemes. In order to access the impact of the thresholder, the eye diagrams without and with the thresholder are measured and compared. To further quantify the benefits of noise elimination, the BER of the received signals without and with the thresholder are measured, and error-free transmission can be achieved with the thresholder, while the signal without the thresholder usually exhibits a floor. As the first XGM effect-based thresholder and a low-cost DFB laser is used in the system, the performance can be further improved with the development of the semiconductor laser diode and optical integration.
